Streptocaulon juventas (LOUR.) MERR. is a plant in the Asclepiadaceae family which is native in Indochina. This plant is called "Ha thu o trang," in Vietnam, [1] [2] [3] and its roots are used as tonic for anemia, chronic malaria, rheumatism, menstrual disorders, neurasthenia, and dyspepsia, as an equivalent of "Ha thu o do (roots of Polygonum multiflorum THUNB., Polygonaceae)". In the course of our research on Vietnamese medicinal plants, [4] [5] [6] [7] we found that the MeOH extract of roots of S. juventas strongly and selectively inhibited proliferation of the human HT-1080 fibrosarcoma cell line (IC 50 value, 1.2 mg/ml).
In this study, we examined the antiproliferative activities of the cardenolides in six cancer cell lines, including four highly metastatic cell lines, i.e., human HT-1080 fibrosarcoma, human cervix HeLa adenocarcinoma, human lung A549 adenocarcinoma, murine colon 26-L5 carcinoma, murine Lewis lung carcinoma (LLC), and murine B16-BL6 melanoma cell lines. (14) , echujin (15) , periplogenin glucoside (16), corchorusoside C (17), subalpinoside (18) , caffeic acid (19), 4,5-di-O-caffeoylquinic acid (20) , and 2-phenylethyl rutinoside (21) were isolated from roots of Streptocaulon juventas (LOUR.) MERR. (Asclepiadaceae) as described previously. 9) Eagle's minimum essential (EME) and Roswell Park Memorial Institute (RPMI) 1640 media and Dulbecco's phosphate buffered saline (PBS) were purchased from Nissui Pharmaceutical Co., Ltd. (Tokyo, Japan). Dulbecco's modified Eagle's medium nutrient mixture Ham's F-12 (1 : 1) (DMEM/F-12) medium and heat-inactivated fetal calf serum (FCS) were obtained from Invitrogen Co., (Grand Island, NY, U.S.A.). Bovine serum albumin (BSA), penicillin G, and streptomycin sulfate were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and crystal violet were purchased from Aldrich Chemical Co., Inc. (Milwaukee, WI, U.S.A.) and Nacalai Tesque (Kyoto, Japan), respectively. Cell culture flasks and 6-and 96-well plates were from Corning Inc. (Corning, NY, U.S.A. CCL-121) 14) was obtained from American Type Culture Collection (Rockville, MD, U.S.A.), while human cervix HeLa adenocarcinoma (RCB0007) 15) and human lung A549 adenocarcinoma (RCB0098) 16, 17) cell lines were purchased from Riken Cell Bank (Tsukuba, Japan). Murine colon 26-L5 carcinoma cell line was established by one of the authors (I. Saiki). 18) LLC cell line that originated spontaneously from murine lung 19) was kindly provided by Dr. K. Takeda (Juntendo University, Tokyo, Japan), while murine B16-BL6 melanoma cell line, obtained by an in vivo selection procedure for invasion, 20) was generously provided by Dr. I. J. Fidler (M.D. Anderson Cancer Center, Houston, TX, U.S.A.).
MATERIALS AND METHODS

Materials
The HT-1080, HeLa, A549, LLC, and B16-BL6 cell lines were maintained in EME medium supplemented with 10% FCS and 2 mM L-(ϩ)-glutamine and pH-balanced with 10% sodium bicarbonate at 37°C under a humidified 5% carbon dioxide atmosphere. The 26-L5 cell line was maintained in RPMI 1640 medium containing the same supplement under the same conditions.
Antiproliferative Activity Viability of cells other than LLC in the presence or absence of experimental specimens was determined using the standard MTT assay 21) as described previously. 8) In brief, exponentially growing cells were harvested and 100-ml medium with 2ϫ10 3 cells suspended was plated into each well in a 96-well plate. After 24-h incubation at 37°C under a humidified 5% carbon dioxide atmosphere to allow cell attachment, the cells were treated with varying concentrations of test compounds in their appropriate medium (100 ml) and incubated for 72 h under the same conditions. After 2 h of MTT (0.4-0.5 mg/ml, 100 ml) exposure, the formazan formed was extracted with DMSO and measured spectrophotometrically at 550 nm with a PerkinElmer HTS-7000 Bio Assay Reader (Norwalk, CT, U.S.A.).
In the case of LLC cells, a standard crystal violet staining assay described in the literature was used. 8) In brief, exponentially growing cells were harvested and 100-ml medium per well with 1ϫ10 3 cells suspended was plated in a 96-well plate. After 24-h incubation at 37°C under a humidified 5% carbon dioxide atmosphere, 100-ml medium containing various concentrations of test specimen was added to each well and incubated for 72 h under the same conditions. After fixation with 25% glutaraldehyde solution (20 ml), the cells were stained with 0.5% crystal violet in 20% MeOH-H 2 O for 60 min. After gentle rinsing with water, the retained crystal violet was extracted with 30% acetic acid and measured spectrophotometrically at 590 nm.
Each sample was dissolved in a little of DMSO, PBS was added, and the mixture was diluted with the medium; the final concentration of DMSO was less than 0.25%. 5-Fluorouracil and doxorubicin were used as positive controls. Cellular viability and IC 50 values were calculated from the mean values of data from four wells. Cellular viability (%)ϭ[Abs (test sample)/Abs (control)]ϫ100.
Observation of Morphological Changes Morphological changes were observed as described previously. 8) Briefly, exponentially growing HT-1080 or A549 cells were harvested and plated at 1ϫ10 5 cells per well in a 6-well plate. After 12-h incubation in EME medium at 37°C under a humidified 5% carbon dioxide atmosphere, the cells were treated without or with varying concentrations (10-1000 nM) of test specimens for 24 h in serum free DMEM/F-12 medium supplemented with 0.1% BSA, 100 IU/ml penicillin G, and 80 IU/ml streptomycin and pH-balanced with 10% sodium bicarbonate. At the end of incubation, the morphological changes of the cells were recorded by photomicrography using a phase contrast microscope (Olympus Optical Co., Ltd., Tokyo).
Detection of DNA Fragmentation DNA was isolated and detected by a procedure described previously. 8) Briefly, HT-1080 (1ϫ10 6 cells) or A549 (3ϫ10 6 cells) cells were preincubated in EME medium for 12 h, and then cultured without or with various concentrations (10-1000 nM) of test specimen in serum free DMEM/F-12 medium containing 0.1% BSA for 24 h. At the end of the incubation, the cells were pelleted and lysed in 600 ml of lysis buffer (10 mM Tris-HCl buffer, 10 mM EDTA and 0.2% Triton X-100, pH 7.5) for 10 min under ice cooling. After the lysate was centrifuged at 14000 rpm for 10 min, the supernatant was extracted with TE buffer-saturated phenol and CIAA solution (chloroform : isoamylalcoholϭ24 : 1), successively. DNA in the aqueous layer (500 ml) was precipitated with 3 M NaCl (50 ml) and cold ethanol (1000 ml) at Ϫ20°C overnight. After being centrifuged at 14000 rpm for 10 min, the supernatant was removed and evaporated. The remaining DNA was dissolved in TE buffer, and RNA contamination was eliminated by incubation with RNase (1 mg/ml) at 37°C for 30 min. Following the addition of loading buffer, fragmented DNA was electrophoresed on 1.5% agarose gel in TAE (40 mM Trisbase, 20 mM acetic acid, 1 mM EDTA) at 100 V for 50 min and visualized by ethidium bromide staining.
RESULTS AND DISCUSSION
Compounds isolated from the roots of S. juventas (Fig. 1) were examined for their antiproliferative activity in human HT-1080 fibrosarcoma, human cervix HeLa adenocarcinoma, human lung A549 adenocarcinoma, murine colon 26-L5 carcinoma, murine LLC, and murine B16-BL6 melanoma cell lines. Three are human (HT-1080, HeLa, A549) and the others are murine (26-L5, LLC, B16-BL6) tumor cell lines, while four (HT-1080, 26-L5, LLC, B16-BL6) are invasive and metastatic. The cardenolides (1-5, 8-18 ) exhibited potent activity with selectivity against two human-derived cell lines, i.e., HT-1080 (IC 50 , 0.054-1.6 mM) and A549 (IC 50 , 0.016-0.65 mM) cell lines, and the activities of 13 (IC 50 toward HT-1080 and A549, 0.054 and 0.020 mM, respectively) and 15 (IC 50 , 0.055 and 0.016 mM, respectively) were identical with those of doxorubicin (IC 50 , 0.059 and 0.026 mM, re- spectively) ( Table 1) . Compounds other than the cardenolides (6, 7, (19) (20) (21) showed no activity (IC 50 , Ͼ100 mM) against any cell line.
In the structure-activity relationship of the cardenolides, digitoxigenin (12) , the simplest cardenolide with only 3b,14b-dihydroxyl functionality, showed weaker activity than 8 and 11. The hydroxyl group at C-1 or C-5 of the aglycon part increased their activity, and the hydroxyl group at C-5 was more favorable (12Ͻ8Ͻ11; 1Ͻ9, 10, 16 ), while the acetoxyl group at C-16 made no difference. With respect to the number of sugars on the 3-hydroxyl group, monoglycosylation would intensify its activity (8Ͻ1; 11Ͻ9, 10, 16) , however, diglycosylation would not intensify (9, 10Ϸ17) or would weaken the activity (5Ͻ9, 10, 16 ). Cardenolide trisaccharides 13 and 15 exhibited stronger activities than disaccharide 14 or tetrasaccharide 4. When the sugar group was varied, the free form of the hydroxyl group at C-2Ј reduced the activities (2Ͻ14; 16Ͻ9, 10; 5Ͻ17), and acetylation of the hydroxyl group at C-3Ј also decreased the activity (3Ͻ13). Methylation of the hydroxyl group at C-3Ј, on the other hand, was not significant (13Ϸ15, 8Ϸ10) . Thus, the antiproliferative activity of cardenolides would seem to depend on hydrophilicity around C-3 of the aglycon moiety, the sugar-linkaged site.
Some changes of cellular shapes were microscopically observed in HT-1080 and A549 cells when the cells were treated with cardenolides. For example, echujin (15) , which was isolated in a relatively high amount and showed the strongest antiproliferative activity, changed HT-1080 cells into stretching shapes at concentrations of 25-50 nM (Figs.  2C, D) and shrinking or multi-blebbing shapes at concentrations above 100 nM (Figs. 2E-H) . In the case of A549 cells, stretching or shrinking shapes at the concentration of 50 nM (Fig. 2L) and shrinking or multi-blebbing shapes at concentrations above 100 nM (Figs. 2M-P) were also observed. These morphological changes are typical for apoptosis. 22) Cardenolides were reported to induce DNA fragmentation in an androgen-independent human prostate adenocarcinoma cell line. 23 ) Thus, we examined whether cardenolides induced apoptosis in HT-1080 and A549 cells. As can be seen in Fig.  3, 15 induced ladder-like DNA fragmentation in HT-1080 cells at concentrations above 50 nM and in A549 cells at concentrations greater than 10 nM in concentration-dependent manners. These DNA fragmentations and characteristic morphological changes indicated that the antiproliferative activity of cardenolides is mediated through apoptosis. The water extract of Nerium oleander, Anvirzel TM , which contains some cardenolides (e.g., oleandrin), is a clinical trial drug for cancer treatment in the USA.
24) The extract of S. juventas and its cardenolides which induced apoptosis in tumor cells thus seem to be desirable candidates for clinical drugs as well as tools for investigating the molecular mechanism of apoptosis. Vol. 26, No. 10 After the cells were cultured for 24 h without or with various concentrations of 15, the fragmented DNA was isolated, electrophoresed on 1.5% agarose gel, and then visualized by ethidium bromide staining. Lane 1: 100 base-pair ladder marker; lane 2: normal; lanes 3-9: treated with 10, 25, 50, 100, 250, 500 and 1000 nM of 15, respectively.
